MC neurons act as pacemakers to control the rapid activation of the pumping rate in C. elegans 75 (Avery and Horvitz 1989, . This is facilitated by the motorneuron M3 causes 76 repolarization of the muscles via coordinated glutamate release. This relaxation of the metacorpus 77 and isthmus is critical in trapping the bacteria in the corpus (Albertson and Thomson 1976) . 78
Electrophysiological recording of the pharyngeal neural network via electropharyngeogram (EPG), 79 provides a measurement of fine features that underpin pumping (Avery, Raizen et al. 1995) . This 80 allows one to record the electrophysiological activity of both M3 and MC neurons, as well as a 81 characterization of synaptically driven events from both excitatory and inhibitory neurones. This has 82 identified neuronal signalling and neuromodulatory components of the pharyngeal microcircuit 83 Avery 1994, Dillon, Andrianakis et al. 2009 ). Two serotonergic neurons play a key role in 84 mediating the pharyngeal response to the availability of food, the pharyngeal secretory neuron NSM 85 and the chemosensory neuron ASD (Li, Li et al. 2012 ). The neuron NSM is embedded within the 86 pharyngeal circuit and implicated in the acute response to newly encountered food (Iwanir, Brown 87 et al. 2016) . Although functional NSM neurons are required for bursts of fast pumping in the 88 presence of food, serotonin production in HSN neurons is sufficient to trigger food-dependent 89 pumping dynamics when serotonin production in NSM is perturbed. This suggests that the HSN 90 4 neurons, located in the middle of the worm body and send no processes into the pharynx, are 91 involved in the regulation of feeding (Lee, Iwanir et al. 2017 ). Finally, the role played by ADF in 92 feeding regulation is related to sensing fluctuations in the environment (Lee, Iwanir et al. 2017) . 93
In addition food availability also modifies the worm's locomotory behaviour and induces high 94 probability of dwelling. This behaviour promotes the worm residence on a patch of food. This 95 dwelling behaviour is interspersed with roaming, a behaviour that allows the worms to explore their 96 environment (Flavell, Pokala et al. 2013) . Thus, C. elegans exhibits a repertoire of behavioural 97 responses to food that requires coordination of precisely organised neural circuits. How the 98 upstream sensory inputs are integrated and modulated to bring about this coordinated behavioural 99 response is important in understanding the systems level control of foraging and feeding. 100
In this study we have focused on the role of neuroligin in the regulation of this food-dependent 101 behaviour. Neuroligin is a synaptic protein intimately involved in molecular organization of discrete 102 circuits (Calahorro 2014, Bemben, Shipman et al. 2015). In particular, in its absence there is an 103 impairment in the organization of the excitatory-inhibitory balance in neuronal circuits (Varoqueaux, 104 Aramuni et al. 2006) . nlg-1 is the C. elegans orthologue of human NLGN1 presents at most of 105 synapses, and with a conserved organization in functional domains (Calahorro 2014). C. elegans nlg-106 1 mutants have previously been shown to express a range of sensory deficits (Calahorro, Alejandre an excellent opportunity to delineate the role of neuroligin in the functional organisation of sensory 109 driven behaviours as they express one orthologous of neuroligin, nlg-1. In C. elegans nlg-1 is 110 selectively expressed in a subset of neurons. Here, we provide evidence that neuroligin functions in 111 an extrapharyngeal circuit that coordinates a feeding response by modulating the cue promoting the 112 pharyngeal function. This further supports its fundamental role in the integration of sensory 113 information and co-ordination of activity via discrete microcircuits. 114 115 5
MATERIAL AND METHODS 116
Culturing of C. elegans and strains used 117 C. elegans strains were maintained under standard conditions (Brenner 1974, Molin, Schnabel et al. 118 1999) . Worms were synchronized by picking L4 larval stage to new plates 18h prior to performing 119 behavioural experiments. The strains used were: nlg-1 (ok259) X (6x outcrossed); nlg-1 (ok259) X, Ex 120 [pPD95.77 (Pnlg-1::nlg-1 Δ#14); Pmyo-3::gfp]; nlg-1 (ok259) X, Ex [pPD95.77; Pmyo-3::gfp]; RM371, 121 pha-1(e2123), sIs [Pnlg-1::yfp + pCI(pha-1)]; MT6308 eat-4 (ky5) III (2x outcrossed); CB156, unc-25 122 (e156) III (1x outcrossed); CB382, unc-49 (e382) III (2x outcrossed). 123
124
We identified neurons that express nlg-1 reporter constructs based on their cell position and, co-125 labelling neurons with mCherry/RFP/DsRed-based reporters. 126
The co-labelled reporter transgenes were: 127 -oyls 51, aka: (Psrh-142::rfp). A specific marker for ADF chemosensory neuron (Xu, Choi et al. 2015) . where the GFP was removed. Finally, the nlg-1 Δ#14 sequence was fused to the nlg-1 promoter 158 using the BamHI/EcoRI sites. The promoter was authenticated by sequencing using the following 159 primers: 5'-AAGCTTGCATGCCTGCAGGTCGAC-3', 5'-AAGCTTGCATGCCTGCAGGTCGAC-3'; and the 160 following primers for nlg-1: 5′-AATGCAGACTGGAGAAACTTTG-3′, 5′-CTATTACCAGAGCAAGACGATG-161
Transgenic methods. 165 nlg-1 (ok259) X one day old adults were microinjected with nlg-1 plasmid (prepared as described 166 above; 50 ng/μl) together with the "marker" plasmid Pmyo-3::gfp (30 ng/μl) as previously described 167 (Mello & Fire 1995). For controls, nlg-1 (ok259) X animals were microinjected with "empty rescue" 168 plasmid and the "marker plasmid" Pmyo-3::gfp at the same concentration used for generating the 169 rescue transgenic lines. Microinjection mixes were prepared using double-distilled water. 170 171
Behavioural assays 172

Feeding behaviour 173
Feeding behaviour was visually scored by counting the number of pharyngeal pumps for 1 min using 174 a binocular dissecting microscope (x63). A single pharyngeal pump was defined as one contraction-175 relaxation cycle of the terminal bulb of the pharyngeal muscle. 176
To count pharyngeal pumps on food, one day old adult worms (L4+1) grown at 20 • C, in standard 177 NGM-E. Coli OP50 plates, were gently picked onto the middle of the bacterial lawn (OD600 of 0.8 AU 178 seeded the day before). After 10 mins the pharyngeal pumping was recorded using a hand counter. 179
Five consecutive measurements (1 min each) were made and the mean of pharyngeal pumping rate 180 for this time period was then calculated. 181
To count pharyngeal pumps off food, one day old adult worms grown at 20 • C, in standard NGM-E. 182
Coli OP50 plates, were gently picked onto the middle of a 9 cm diameter non-food plate and left for 7 5 min to clean itself of attached bacteria. Animals were finally transferred onto a second clean non-184 food plate, where pumping rate was scored after 10 mins. Five consecutive measurements (1 min 185 each) were made and the mean of pharyngeal pumping rate for this time period was then 186 calculated. During this experiment, worms dried out after migration off the edge of the agar plate 187 were censured. 188 189 Chemotaxis; Food race assays 190 9 cm NGM plates were poured the day before the assay and kept overnight at room temperature. Neuroligin is required to upregulate feeding in the presence of bacteria 255
In a comparison of pharyngeal pumping of N2 (wt) (244±7 pump.min -1 ) the nlg-1 mutants showed a 256 reduction of ≈26% (180±12pump.min -1 ) (Fig 1A) . This was selective to the on food context, as the 257 pharyngeal pumping rate of nlg-1 mutants and wild-type animals was not significantly different 15 258 mins after transferring to a non-food plate (39±4 min -1 for wild-type and 38±4 min -1 for nlg-1; n=18 259 animals for each strain; p>0.05. Data not shown). This food context dependent reduction in 260 pharyngeal pumping in nlg-1 was rescued by expressing a cDNA encoding the nlg-1 Δ#14 isoform 261 from the nlg-1 promoter. The transcript Δ#14 is the dominant isoform in the adult stage (Calahorro, 262
Holden-Dye et al. 2015). This fully rescued the pharyngeal deficit in nlg-1 mutants (Fig 1A) . These 263 results indicate a selective role for NLG-1 dependent signalling in maintaining a high rate of 264 pharyngeal pumping in the presence of food. It is unlikely that this deficit can be explained by an 265 inability of nlg-1 to sense food they show chemotaxis towards a point source of bacteria at the same 266 rate as wild-type worms (Fig 1B) . Fig 2Ai) . 286 287 11
In the absence of 5-hydroxytryptamine (5-HT or serotonin), the frequency of EPGs is low for both 288 wild-type and nlg-1 (N2 (wt) 6.19±1.65 pump.min -1 , nlg-1 4.18±1.32 pump.min -1 ; p>0.05) reflecting 289 the fact that this is an 'off-food' pumping rate and therefore feeding rate is down-regulated 290 (Dalliere, Bhatla et al. 2016). This is consistent with the low pump rate seen in animals off food. 291
However, despite the similarity in EPG frequency between N2 and nlg-1, the EPG analysis revealed 292 discrete changes in the EPG waveform when N2 (wt) and nlg-1 mutants were compared: The nlg-1 293 mutant exhibited a marked increase in pump duration (Fig 2A-B) and an absence of transient 294 potentials called P waves that are dependent on the activity of the inhibitory glutamatergic neuron 295 M3 (Avery 1993a) (Fig 2C) . We next analysed the EPG waveform in the presence of 5-HT. This is a 296 well-characterised positive regulator of pharyngeal pumping which is engaged in the presence of 297 food (Niacaris and Avery 2003) . In the presence of 5-HT EPG rate was elevated in both N2 (wt) and 298 nlg-1 (Fig 2B) . Despite this 5-HT mediated increase in pumping, the nlg-1 EPG waveform showed a 299 significant reduction in the number of P waves, as well as an increased pump duration relative to 300 recordings made from 5-HT treated N2 (wt) pharynxes (Fig 2A) . The loss of these key signatures was 301 rescued in the strain expressing nlg-1 Δ#14 from the nlg-1 promoter (Fig 2B, C) . 302
303
To gain further insight into the neural basis of the effect of nlg-1 on the EPG waveform we made a 304 systematic comparison of EPGs in nlg-1 compared to mutants of known regulators of EPGs. It is well 305 established that the absence of P waves provides a readout of activity of the inhibitory glutamatergic 306 motorneuron M3 (Avery 1993a) which regulates the duration of the pharyngeal contraction-307 relaxation cycle by accelerating muscle repolarisation. The loss of glutamate release from M3, as 308 observed in the mutant eat-4 (Raizen and Avery 1994), results in decreased P waves and increased 309 pump duration (Raizen and Avery 1994). nlg-1 mutants show a similar EPG signature to eat-4 310 mutants (Fig. 3) . This is consistent with an involvement of glutamate signalling that is intrinsic to the 311 pharyngeal circuit as the increased pump duration and loss of P waves is characteristic of a role for 312 the glutamatergic pharyngeal neuron M3. GABAergic signalling mutants unc-25 (e156) and unc-49 (e382) with nlg-1. Surprisingly, given that 320 neither GABA nor GABA receptors are present in the pharyngeal neurons, the EPG phenotype is even 12 more marked in unc-25 and unc-49 (Fig 3A, B) than in eat-4, with a very extended pump duration 322 and absence of P peaks. This therefore identifies a previously unreported GABAergic 323 extrapharyngeal regulation of pharyngeal physiology. Moreover, the similarity in the EPG phenotype 324 between the GABAergic mutants and nlg-1 suggests neuroligin signalling might exert its organization 325 of pharyngeal function at an extrapharygneal locus rather than at a site intrinsic to the pharyngeal 326 circuitry. Therefore we next investigated the expression pattern of nlg-1 in the pharyngeal and 327 extrapharyngeal circuits. 328 , these is no definitive information on 334 expression in the pharyngeal microcircuit. Therefore, an important first step was to resolve nlg-1 335 expression in the pharyngeal nervous system. This consists of 20 neurons that are embedded within 336 the pharyngeal muscle and separated from the central nervous system of the worm by a basal 337 lamina (Donna G. Albertson 1976). We dissected and isolated pharynxes from two nlg-1 338 transcriptional reporter strains and established that there is no nlg-1 expression in the pharynx or in 339 its associated microcircuit (Fig 4A) . Therefore neuroligin exerts its regulation of pharyngeal 340 behaviour through extrapharyngeal circuits. 341
342
To place nlg-1 in the context of neural circuits that link food-related sensory inputs to pharyngeal 343 behaviour (Fig 1A) we conducted detailed mapping of its expression pattern. Approximately 20 344 neurons express neuroligin in the anterior ganglia. We focused our attention on extrapharyngeal 345 neurons that are known to regulate food-related behaviours ( Table 1) . To facilitate this, we carried 346 out co-localization experiments using arrays expressing red fluorescent protein, RFP, in specific 347 sensory neurons (Table 1) . ADF is a sensory neuron which provides a serotonergic drive to increase 348 pumping rate on food (Song, Faumont et al. 2013 ). We found no co-expression of neuroligin in ADF 349 (Fig 4B) and no expression in major sensory neuron classes, using specific markers for the following 350 neurons: ASJ, AWB, AWC and ASE neurons (Fig 4, Supplement 1) . However, although neuroligin is 351 not expressed in NSM we found expression in HSN neurons in the vulva area (Fig 4B) . Finally, to 352 further investigate expression in a subset of sensory neurons we tried to identify neuroligin 353 expression in the DiI labelled amphid neurons: ADL, ASH, ASI, ASJ, ASK, AWB: Again we found no 354 neuroligin expression (Fig 5A) . 355 13 356 However, nlg-1 is expressed in a subset of eat-4 glutamatergic neuron classes (Fig 5, Supplement 1) . 357
In this context it is noteworthy that glutamatergic signals are required for both foraging and feeding interneurons AIY (Fig 5B) , that function to extend food-seeking periods (Shtonda and Avery 2006) . 362
Finally, by positional identification of cell bodies we found expression of nlg-1 in the sensory neurons 363 ALA and URX, as well as the interneuron AVJ (Fig 5A) . The involvement of neuroligin in the first mechanism is unlikely as there is no evidence for nlg-1 384 expression in the pharynx. This suggests neuroligin is required in an extrapharyngeal circuit for 385 robust up-regulation of pharyngeal pumping in the presence of food. 386
387
Our data suggest that neuroligin-dependent extrapharyngeal processing of the food cue modifies 388 the manner in which the pharynx responds to the presence of food (Fig 6) and that it is required to 389 14 decrease the duration of a pharyngeal pump, most likely by increasing activity of the glutamatergic 390 neuron M3. An inability to execute this control in the presence of food is consistent with the 391 observation that nlg-1 is unable to sustain a high level of pumping in the presence of food as a long 392 pump duration is incompatible with fast pumping. We considered where in the extrapharyngeal 393 circuitry neuroligin may mediate this effect by mapping the expression pattern of nlg-1. It may 394 function in circuits detecting food-related stimuli from the environment through sensory neurons 395 such us ALA and URX and those processing information through interneurons such us AIY and AUA 396 The proposed model show how neuroligin, located extrapharyngeally in a subset of neurons in the 823 nervous system, is involved in the regulation of feeding-dependent behaviours, sensing cues from 824 food, through communication between sensory neurons and interneurons by modulating pharynx 825 activity in response of food cues by repolarization of muscles in the metacorpus and isthmus. Thus, 826 neuroligin controls the pharyngeal pumping through processing and integration of multiple 827 convergent pathways of different nature: cholinergic, dopaminergic, glutamatergic and GABAergic. 828
The neurotransmitter representation (in yellow, blue, red and violet) is based on the transmitter that 829 each specific neuron releases. 830
Neuroligin is located in a subset of identified sensory neurons (shown in yellow) in the head ganglia. 831
In addition neuroligin is also found in a subset of interneurons (shown in green), including AUA and 832 AIY. Neuroligin is also present in the sensory neuron ADE which releases dopamine (DA). ADE signals 833 in a sensory axis involving touch sensation and pheromone sensation processing. ADE indirectly 834 connects with the interneuron AUA which harbours dopamine receptors. AUA interneuron is 835 involved in regulating social feeding behaviours along with URX neuron. Neuroligin is present in URX 836 and ALA sensory neurons implicated in oxygen/CO2 sensation and mechanosensation, respectively. 837
Finally, neuroligin is also present in the interneuron AIY controlling food and odor-evoked 838 behaviours and food-seeking behaviours. This indicates that neuroligin can process, possibly jointly 839 with other regulators, multiple aspects from food dependent stimuli to integrate information in 840 order to generate a suitable food-dependent behaviour. 
